Introduction
Malignant melanoma accounts for 76,000 new cases and about 10,000 deaths every year in the USA, and the 5-year survival rate for patients with advanced melanoma remains <20 % [1, 2] . Although CD8 T cell-based vaccines can increase clinical response rates, the median overall survival time for metastatic patients is only 11-25 months [3, 4] . In many of these clinical studies, antigen-specific CD8 T cells can hardly be detected in the blood of vaccinated patients, with frequencies of <1 % [3, 5] . We believe that these disappointing results can be partially explained by the use of poorly immunogenic vaccine formulations that utilize weak Abstract Therapeutic vaccines to induce anti-tumor CD8 T cells have been used in clinical trials for advanced melanoma patients, but the clinical response rate and overall survival time have not improved much. We believe that these dismal outcomes are caused by inadequate number of antigen-specific CD8 T cells generated by most vaccines. In contrast, huge CD8 T cell responses readily occur during acute viral infections. High levels of type-I interferon (IFN-I) are produced during these infections, and this cytokine not only exhibits anti-viral activity but also promotes CD8 T cell responses. The studies described here were performed to determine whether promoting the production of IFN-I could enhance the potency of a peptide vaccine. We report that cyclic diguanylate monophosphate (c-di-GMP), which activates the stimulator of interferon genes, potentiated the immunogenicity and anti-tumor effects of a peptide vaccine against mouse B16 melanoma. The synergistic effects of c-di-GMP required co-administration of costimulatory anti-CD40 antibody, the adjuvant poly-IC, and were mediated in part by IFN-I. These findings demonstrate that peptides representing CD8 T cell epitopes can be effective inducers of large CD8 T cell responses in vaccination strategies that mimic acute viral infections.
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immunological adjuvants (e.g., incomplete Freund's adjuvant) and by suboptimal modes of vaccine administration.
Type-I interferon (IFN-I) plays an important role in both innate and adaptive anti-tumor immune responses, including (a) the activation of professional antigen-presenting cells (APCs) such as dendritic cells; (b) serving as a growth/survival factor for activated CD8 T cells [6] ; (c) helping in overcoming tumor-specific T cell tolerance [7] ; and (d) promoting autophagy of cancer cells [8, 9] . Moreover, IFN-I has been shown to improve disease-free survival and is being recommended for the treatment for stage IIB-V melanoma patients [10] . In view of the above, we believe that an effective therapeutic vaccination strategy for melanoma would be to design vaccine formulations that result in high levels of IFN-I production. Cyclic diguanylate monophosphate (c-di-GMP) is a bacterial second messenger that activates the stimulator of interferon genes (STING) [11, 12] , resulting in increased IFN-I secretion [13] [14] [15] , and thus may function as a potent adjuvant for melanoma immunotherapy. In addition, STING ligands activate canonical and non-canonical NF-kB signaling pathways [16] that are likely to enhance vaccine-induced T cell priming and expansion.
For >12 years, our laboratory has focused on optimizing peptide vaccines to induce robust anti-tumor CD8 T cell responses [17] . We have recently described an improved peptide vaccination strategy that generated up to 80 % epitope-specific cells of all the CD8 T cells in the blood of mice after two consecutive immunizations (prime/boost). This strategy called TriVax consists of a mix of synthetic peptide corresponding to a CD8 T cell epitope, poly-IC adjuvant, and costimulatory anti-CD40 antibodies. TriVax is administered intravenously in order to mimic a systemic infection and recruit most of the naïve CD8 T cell precursors [18, 19] . However, not all the peptides so far tested have been efficient in generating strong immune responses when administered using TriVax indicating the need of further optimization. As we reported previously, the human hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] (hgp100) heteroclitic epitope, used to study the immunity against B16 mouse melanoma, is unable to induce endogenous antigen-specific tumor-reactive CD8 T cells in mice after TriVax immunization [20] . However, hgp100-TriVax was very effective at stimulating potent T cell responses when used after adoptive cell transfers (ACT) of Pmel-1 TCR transgenic CD8 T cells [20] . To improve the generation of endogenous anti-tumor CD8 T cell responses to peptide vaccination, we have enhanced the immunogenicity of synthetic peptides by increasing the amphiphilicity of the minimal epitopes, which is achieved by the addition of two palmitic acid chains (Pam2) to the epitope's amino terminus end using a KMFV linker (Pam2KMFV-), resulting in a substantially more immunogenic constructs as compared to the minimal epitopes [21] . Moreover, in many instances, the heteroclitic peptide constructs are efficient in generating strong CD8 T cell responses when administered systemically (i.v.) with poly-IC alone, in the absence of anti-CD40 antibody (BiVax) [21] .
In the experiments described herein, we attempted to induce endogenous tumor-reactive antigen-specific CD8 T cell responses against B16 tumors by combining Pam2K-MFV-hgp100 TriVax with c-di-GMP. Our results show that this vaccination strategy generated substantial numbers of antigen-specific CD8 T cells that were capable of recognizing B16 tumor cells, resulting in remarkable therapeutic anti-tumor effects in mice. These results show that the additional administration of c-di-GMP further enhanced the anti-tumor effects of the TriVax vaccine.
Materials and methods
Cells and mice
Murine melanoma B16F10 and EL4 thymoma were purchased from the American Type Culture Collection (Manassas, VA), and C57BL/6 (B6) of 8-10 weeks of age were from the National Cancer Institute/Charles River program. IFNαβ receptor-deficient (IFNαβR −/− ) mice [22] (B6 background) and Pmel-I mice (TCR transgenic specific for the melanoma gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] CD8 epitope [23] were bred in our animal facility using mice originally obtained from Dr. P. Marrack (National Jewish Medical and Research Center, Denver, CO) and The Jackson Laboratory (Bar Harbor, ME), respectively. Animal care and experiments were performed following the Institutional Animal Care and Use Committee Guidelines.
Reagents and antibodies
Poly-IC (high molecular weight) and c-di-GMP were purchased from InvivoGen (San Diego, CA). Synthetic peptides representing H-2Kb-restricted CD8 T cell epitopes, Ovalbumin 257-264 (Ova, SIINFEKL) the H-2Db-restricted human gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] (hgp100, KVPRNQDWL), mouse gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] (mgp100, EGSRNQDWL), and the amphiphilic lipopeptide (Pam)2-KMFVKVPRNQDWL (Pam-hgp100) were ordered from A&A Laboratories (San Diego, CA). The purity and identity of peptides were determined by high-performance liquid chromatography and mass spectrometry analysis by the vendor. Monoclonal anti-mouse CD40 (FGK45.5) antibody was purchased from BioXcell (West Lebanon, NH). PE-labeled H-2Kb/SIINFEKL and H-2Db/KVPRNQDWL tetramers were purchased from MBL International (Woburn, MA) All other fluorochromelabeled antibodies were from eBioscience, Inc. (San Diego, CA).
Immunizations
All vaccines were administered intravenously (200 μl/ injection in the tail vein). Mice were usually given two sequential vaccinations 9 days apart (prime and boost). The following vaccine formula was used (unless otherwise noted): In prime, TriVax consisted of a mixture of 120 μg Pam-hgp100, 100 µg hgp100 or 100 µg Ova, 50 μg anti-CD40 antibody, and 25 μg Poly-IC. For the boost, the anti-CD40 antibody dose was reduced to 25 μg. In some experiments, the mice also received 100 µg of c-di-GMP intravenously both in the prime and boost.
Assessment of immune responses
Antigen-specific CD8 T cells were assessed by tetramer staining using peripheral blood samples or spleen cells at the termination of the experiments. Cells were stained with fluorescein isothiocyanate-anti-MHC class II, PerCP Cy5.5-anti-CD8a, and PE-conjugated tetramers for 40 min in ice. Fluorescence was measured using an LSRII flow cytometer (BD Biosciences, San Jose, CA) and analyzed using FlowJo software (Ashland, OR). For the detection of IFNγ-secreting CD8 T cells, enzyme-linked immunosorbent spot (EliSpot) and ELISAs were performed as previously described [18, 19, 24] using purified CD8 T cells (Miltenyi Biotec). The number of CD8 T cells per well was determined by the flow tetramer staining results, to ensure that 1 × 10 5 tetramer-positive cells were in each well. The CD8 T cells were incubated with 1 × 10 5 target cells (EL4, EL4 plus mgp100 peptide, and B16F10 cells) for 18 h at 37 °C. When Pmel-1 cells were used, positively selected CD8 T cells were first activated by incubating at 3 × 10 4 / well in 96-well plates with CD3/CD28 Dynabeads (Life Technologies) at a 1:1 ratio. Seven days later, the Pmel-1 CD8 T cells were harvested and incubated at 1 × 10 5 per well with the same numbers of target cells. Then, the cultures were developed as described by the EliSpot kit manufacturer (Mabtech, Inc., Mariemont, OH), and spot counting was done with an ImmunoSpot System (Cellular Technology Ltd, Cleveland, OH).
Flowcytometry-based cytotoxicity assay
A cell-mediated assay was performed using fluorescent beads to enable quantitative analysis of the number of live CFSE-labeled target cells [25] [26] [27] . Briefly, target cells (EL4, peptide-pulsed EL4, or B16F10) were resuspended at 1 × 10 6 /ml and labeled with 1.5 µM CFSE (Life Technologies) for 15 min at 37 °C. Then, target cells were incubated at 1 × 
Anti-tumor effects
Mice (five per group) were injected subcutaneously with 4 × 10 5 B16F10 cells in a shaved rear flank, and 8 days later, mice received the indicated vaccine. Boosters were administered on day 17, and tumor growth was monitored every 2-3 days in individually tagged mice by measuring two opposing diameters with a set of calipers. Mice were euthanized when the tumor area reached >400 mm 2 . Results are presented as the mean tumor size (area in mm 2 ) ±SD for every treatment group at various time points until the termination of the experiment.
Statistical analyses
Unpaired Student's t tests were used to determine statistical significance of differences in numbers of antigen-specific CD8 T cells. Tumor sizes between two populations throughout time were analyzed for significance using twoway ANOVA. Log-rank test was used to compare the survival rate of tumor-bearing mice. All analyses and graphics were done using Prism 5.01 software (GraphPad). P values <0.05 were considered to be statistically significant. Most experiments were repeated 2-3 times with nearly identical findings.
Results
C-di-GMP enhances TriVax-induced immune responses to melanoma
We previously reported that TriVax immunization using the minimal hgp100 peptide epitope (KVPRNDQWL) could activate and induce the large expansion of adoptively transferred TCR transgenic Pmel-1 cells resulting in significant anti-tumor effects. However, the same vaccination strategy was inefficient in producing anti-tumor effects and generating endogenous antigen-specific, CD8 T cell responses [20] . In other studies, we observed that modification of some minimal T cell epitopes to create amphiphilic peptides dramatically increased their immunogenicity [21] . Thus, we first tested whether the amphiphilic peptide Pam-hgp100 would be capable of inducing endogenous CD8 T cell responses using the TriVax immunization strategy (primeboost, 9 days apart). The results shown in Fig. 1a , b demonstrate that TriVax using the minimal epitope hgp100 failed to produce any substantial antigen-specific (tetramer+) CD8 T cell responses. On the other hand, a TriVax primeboost protocol using Pam2hgp100 was quite effective in generating a substantial CD8 T cell response. Interestingly, prime vaccination with Pam-hgp100, followed by an hgp100 minimal epitope boost, was even more effective, doubling the response observed using Pam-hgp100 for both the prime and boost. In view of these results, we utilized a Pam2hgp100 prime, hgp100 boost protocol for the remaining experiments.
Next, we assessed whether the STING activator c-di-GMP, a potent IFN-I inducer [11] , would further enhance the immune response to TriVax. As shown in Fig. 2a , TriVax in combination with c-di-GMP induced significantly higher numbers of antigen-specific CD8 T cells as compared to TriVax w/o c-di-GMP. The differences between TriVax and TriVax plus c-di-GMP were even more apparent when quantifying the total numbers of antigen-specific CD8 T cells in spleen (Fig. 2b) . The additive effects of c-di-GMP on the immune responses to TriVax were also observed using the Ova peptide (SIINFEKL) in a protocol where both prime and boost were performed with the minimal epitope (Fig. 2c, d ). These results indicate that the administration of c-di-GMP is effective in potentiating the magnitude of the immune responses generated by TriVax.
Endogenous CD8 T cells generated by TriVax recognize B16 melanoma cells
In many instances, especially with peptide-based vaccines, the resulting epitope-specific CD8 T cells are not capable of recognizing tumor cells, which naturally process and express the corresponding epitope. In most cases, these results are due to the generation of low-avidity T cells that require a high density of peptide/MHC complexes on the APC surface. Another possibility when using modified peptides such as the hgp100 epitope (KVPRNDQWL) is that the resulting CD8 T cells may not be able to crossreact with the mouse mgp100 epitope (EGSRNDQWL), which is the one naturally processed and expressed on the B16 melanoma cells. Thus, we performed various immunological assays to assess whether the CD8 T cells generated by TriVax against the hgp100-based vaccine would be capable of recognizing the mgp100 peptide. The EliSpot assay results shown in Fig. 3a indicate that endogenous CD8 T cells generated by TriVax were capable of recognizing mgp100-pulsed target (EL4) cells and more importantly, the B16 melanoma cells. Moreover, the addition of c-di-GMP to TriVax increased the efficiency of the T cells to recognize the B16 tumor cells. However, these results also indicate that a substantially larger number of CD8 T cells recognized the mgp100-pulsed EL4 cells as compared to B16 cells, suggesting that low-avidity T cells are also generated in the vaccinated mice. The side-by-side comparison of endogenous CD8 T cells generated by the combination of TriVax and c-di-GMP with the high-avidity TCR transgenic Pmel-1 T cells shown in Fig. 3b agrees with this assumption. Similar findings were observed in Fig. 1 Heterologous Pamhgp100 prime, hpg100 boost induces potent immune responses to a melanoma CD8 epitope. Mice (three per group) received homologous or heterologous prime > boost TriVax vaccines (9 days apart) with the minimal hgp100 and Pamhgp100 peptides as indicated. a Percentages of tetramer-positive CD8 T cells were measured in blood 7 days after the prime (Pr) and in blood and spleens 7 days after the boost (Bt). separate experiments, where the T cell responses were measured using IFNγ release ELISA and cytotoxicity assays (Fig. 3c, d ).
Anti-tumor effects of TriVax and c-di-GMP
Next, we evaluated the therapeutic effects of TriVax alone or in combination with c-di-GMP against 8-day established subcutaneous B16 melanoma tumors. As shown in Fig. 4a , tumor growth in mice receiving TriVax was significantly lower as compared to the untreated group. Moreover, the addition of c-di-GMP to TriVax further increased the therapeutic effect of TriVax. Interestingly, mice treated with c-di-GMP alone exhibited a small, but significant therapeutic anti-tumor effect, which could be the result of the cytostatic effects of IFN-I. The frequencies of antigenspecific CD8 T cells in blood of these mice correlated with the magnitude of the anti-tumor effects (Fig. 4b) . These results indicate that the endogenous CD8 T cells generated by TriVax using the hgp100 epitope are capable of slowing tumor growth, and that co-administration of c-di-GMP enhances this therapeutic effect.
Role of IFN-I in the synergistic effects of TriVax and c-di-GMP
Next, we evaluated the participation of IFN-I in the effects of TriVax and c-di-GMP. Thus, we compared the immune responses generated by TriVax alone and TriVax plus c-di-GMP in type-I IFN receptor-deficient (IFNαβR −/− ) mice with those generated in wild-type (WT) mice. As presented in Fig. 5a , immune responses observed in IFNαβR −/− mice to TriVax alone and TriVax plus c-di-GMP were drastically reduced, as compared to those observed in WT mice. Interestingly, the addition of c-di-GMP to TriVax resulted in an approximately 2.5-to 3-fold increase in the total number of antigen-specific T cells obtained in the spleens of both the WT and IFNαβR −/− mice (Fig. 5b) .
C-di-GMP alone cannot function as a potent immune adjuvant
Given the fact that c-di-GMP is an IFN-I stimulator [11, 28] , and that poly-IC, which is a component of TriVax, also induces IFN-I production (by stimulating and c-di-GMP-alone-treated groups. a Tumor sizes (areas), measured every 3 days. b Immune responses were measured 7 days after the TriVax prime (Pr) and boost (Bt) in blood samples (ns not significant; *P < 0.05; ***P < 0.005) TLR3 and MDA5), we evaluated whether c-di-GMP might function as an adjuvant on its own or in combination with anti-CD40 antibodies in our peptide vaccination approach. The results in Fig. 6 indicate that peptide vaccination using c-di-GMP alone or in combination with anti-CD40 antibodies generated much lower immune responses as compared to those obtained when poly-IC was included in the vaccine formulation. More importantly, the best responses (as measured by the overall expansion of antigen-specific CD8 T cells that were harvested from the spleens of vaccinated mice, Fig. 6b ) were obtained when both poly-IC and c-di-GMP were used, demonstrating that these effects are synergistic and not simply additive.
Discussion
The development of effective immunotherapy to treat cancer continues to be a top research priority. Unfortunately, up to now the results obtained with therapeutic vaccines including those using peptides as immunogens are far from optimal and contrast with the amazing effects observed with ACT using T lymphocytes. One of the possible explanations for the contrasting effects observed between vaccines and ACT could be that most vaccines tested in the clinic generate very low numbers of tumor-reactive T cells [3, 5, 29, 30] , while huge numbers of adoptively transferred tumor-reactive T cells are infused and persist in lymphodepleted patients treated with ACT [31] . Thus, we strongly believe that the suboptimal clinical outcomes of most vaccines can be attributed to their weak immune responses and hypothesize that by mimicking a viral infection, a subunit, non-infectious vaccine may be able to achieve what ACT does. Viral infections are notorious for generating huge T cell responses and high levels of IFN-I by the stimulation of the innate immune system via numerous pattern recognition receptors (PRRs). At the same time, it has been reported that IFN-I promotes CD8 T cell expansion and memory development [6, 32] . Over the past few years, our laboratory has developed several vaccination strategies that utilize synthetic peptides that are administered in combination with PRR agonists. In our hands, poly-IC, a PPR agonist that stimulates the production of IFN-I through the activation of endosomal TLR3 and cytoplasmic MDA5, has been shown to function as an extremely potent immune adjuvant with peptide vaccines administered systemically (i.v.) with anti-CD40 antibodies (TriVax) and w/o this costimulatory antibody (BiVax) [18, 20, 21] . It should be noted that in addition to the work presented here, in many of our previous studies in mice [18] [19] [20] [21] 24] , we have utilized a systemic route (i.v.) of vaccine administration with the purpose of disseminating the antigen and adjuvants throughout the lymphoid organs to recruit and stimulate the majority of naïve T cell precursors. We are aware that when translating this mode of vaccine administration to humans this may pose some safety concerns. Nevertheless, we have observed that intramuscular administration of BiVax is almost as effective as i.v. administration [21] .
In the present study, we first compared the immunogenicity of the minimal hgp100 peptide epitope with its amphiphilic peptide variant, Pam-hgp100, after a primeboost vaccination protocol. The results showed that the minimal hgp100 was not as effective for priming the response, as compared to Pam-hgp100. On the other hand, the minimal hgp100 peptide was more effective for boosting the response as compared to Pam-gp100 (Fig. 1) . It has been advocated for more than a decade that vaccines using minimal peptide epitopes are not immunogenic because they generate peptide/MHC-I complexes in non-professional APCs, resulting in immune tolerance and/or T cell anergy [33] . However, most of these studies were done with suboptimal immune adjuvants such as incomplete Freund's adjuvant. Using TriVax, we have observed that many minimal CD8 T cell peptide epitopes are highly immunogenic at inducing endogenous CD8 T cell responses [18] , and as shown here, the minimal Ova peptide was quite successful in generating these responses (Fig. 2c, d) . One of the exceptions is hgp100, which is inefficient at priming endogenous immune responses when administered as a minimal epitope TriVax (Fig. 1) but was effective at priming responses when Pmel-1 cells are adoptively transferred into B6 hosts [20] .
We have observed that TriVax priming with hgp100 elicits low-avidity endogenous CD8 T cell responses that cannot bind tetramer but respond to peptide stimulation in intracellular cytokine staining assays and recognize peptide-pulsed target cells in EliSpot assays ** (E. Celis, unpublished). We believe that the low-avidity T cells compete and interfere with the expansion of high-avidity T cells, and that when artificially increasing the numbers of high-avidity CD8 T cells by Pmel-1 ACT, these cells are able to expand and overcome the competition of the endogenous low-avidity T cells. Thus, the use of Pam-hgp100 during priming may preferentially stimulate high-avidity CD8 T cells by forcing antigen presentation by professional APCs at relatively low peptide/MHC complex densities that would be ignored by low-avidity T cells.
Using BiVax, we observed that while T cell priming depends heavily on TLR3 stimulation, the dramatic expansion of CD8 T cells occurring after the second, booster immunization relies mostly in MDA5 activation [21] . The ability of poly-IC to stimulate MDA5 indicates that this large, synthetic double-stranded RNA mimic must somehow gains access to the APC's cytoplasm. The escape of endocytosed nucleic acids into the cytoplasm is probably not an efficient process and may require disruption of endosomal membranes. Thus, we evaluated whether other compounds capable of stimulating IFN-I production could enhance T cell responses to peptide vaccination. Since STING activation using di-cyclic nucleotides results in the production of vast amounts of IFN-I [11, 15] , we assessed whether co-administration of c-di-GMP with TriVax would further promote CD8 T cell responses and anti-tumor immunity to melanoma in mice. Indeed, our results show that T cell responses and corresponding anti-tumor effects induced with TriVax using an amphiphilic peptide containing a CD8 T cell epitope for the melanoma antigen gp100 were significantly increased by the addition of c-di-GMP to the vaccination regimen (Figs. 2, 4) . The synergistic effect of c-di-GMP with TriVax was more apparent after the booster immunization, indicating that the effect of c-di-GMP was more critical for the expansion of the T cells as compared to their priming. The important role that IFN-I plays in the CD8 T cell responses to TriVax and TriVax + c-di-GMP was demonstrated when these vaccination regimens were less effective in IFNαβR-deficient mice as compared to WT animals (Fig. 5a ). However, it was surprising that c-di-GMP was able to increase the overall CD8 T cell response to TriVax even in the IFNαβR-deficient mice (Fig. 5b) , suggesting that this compound may have a T cell potentiating activity independent of IFN-I. Thus, the synergistic effects of c-di-GMP are probably not mediated just by an increase in IFN-I mediated by STING activation and probably other participants such as pro-inflammatory cytokines induced by NF-kB activation by STING [16] play a role in enhancing the immune responses to TriVax. Lastly, our results show that the peptide vaccine formulations containing c-di-GMP without poly-IC were ineffective for inducing CD8 T cell responses (Fig. 6) . Thus, poly-IC is probably mediating additional critical signals that allow effective T cell priming and boosts in addition to inducing some IFN-I production. Nevertheless, our results clearly demonstrate that concurrent TLR3/MDA5/STING activation using peptide vaccines generates CD8 T cell levels that are rarely observed with non-infectious immunogens. We advocate that effective anti-tumor responses will require the generation of vast numbers of antigen-specific T cells, such as those that we observe using this vaccination strategy.
